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PREFACE 


Kraepelin  (1)  in  his  monumental  attempt  to  develop  a 
taxonomy  of  mental  disorders  was  the  first  to  use  the  notion 
of  " sensorium"  as  the  totality  of  the  faculties  of  perception, 
orientation,  memory,  etc.,  as  distinct  from  those  of  rea¬ 
soning,  volition,  affectivity,  etc.  The  conditions  of  the 
sensorium  being  clouded  or  else  clear,  other  circumstances 
alike, allows  for  powerful  diagnostic  discrimination,  hence 
provides  an  important  conceptual  tool  to  determine  etiology 
and,  ultimately,  therapy  of  the  disorder. 

Complementary  to  this  notion,  the  notion  of  "motorium" 
will  be  introduced  here  as  the  totality  of  the  faculties  of 
voluntary  controlled  movements  from  gait  to  speech  to  writing, 
etc.,  as  distinct  from  those  controlled  by  the  Sympathicus, 
heart  beat,  peristalsis,  papillary  dilation,  etc. 

Phylogenetical ly ,  of  course,  sensorium  and  motorium 
evolve  interdependent ly  and  synchronously,  putting  the  question 
of  primacy  into  the  realm  of  disputes  on  the  primacy  of  egg 
or  chicken. 

While  many  quarters  still  hold  to  the  Cartesian  notion 
that  the  so  called  "higher  mental  functions”  emerge  from  the 
sensorium,  it  has  become  today  abundantly  clear  that  early 
impediments  of  the  motorium  afflict  the  sensorium  as  much  as 
impediments  of  the  sensorium  leave  their  mark  on  the  motorium. 
Epistemologically,  even  such  abstract  notions  as  ’'affirmative" 
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or  "negative"  (2),  and  as  "true"  or  "false"  (3),  can  be 
shown  to  be  coupled  to  elementary  movements  respectively  as 
approach  or  withdrawal,  and  as  the  proper  or  improper  execu¬ 
tion  of  a  conditioned  reflex.  Consequently,  the  preoccupation 
with  the  study  of  the  sensorium  appears  to  have  purely  his¬ 
torical  roots,  and  the  maintained  distinction  between  "sen¬ 
sory"  and  "muscle"  physiologists  is  indeed  not  designed  to 
foster  an  integrated  vision  of  motorium  and  sensorium.  Ex¬ 
ceptions  are,  of  course,  Eccles 1  recent  work  on  the  cerebellum 
(4)  and  Green* s  elegant  views  on  controlled  and  smoothed 
purposive  movements  (5) . 

Probably,  the  first  to  take  qualitative  studies  of  the 
motorium  seriously  were  Noa  Eshkol  and  Abraham  Wachmann  who, 
during  the  1950's,  developed  a  notation  of  movement  (6) 
which  was  intended  to  prescribe  by  appropriate  concatenations 
of  symbols  taken  from  a  finite  alphabet  all  movements  that 
can  conceivably  be  executed  by  the  human  body  and,  conversely, 
to  describe  any  such  movement  by  a  corresponding  string  of 
symbols . 

While  it  is  obvious  that  any  symbolism  to  be  developed 
for  this  purpose  will  make  use  of  the  intrinsic  constraints 
of  bodily  movements,  it  is,  however,  not  obvious  whether  or 
not  the  symbols  chosen  for  the  alphabet  as  well  as  the  chosen 
rules  of  concatenating  symbols  are  necessary  and  sufficient 
to  serve  the  task  at  hand.  In  other  words,  the  question  of 
completeness  and  consistency  of  a  descriptive  formalism  for 
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bodily  movements  is  by  no  means  trivial,  for  nothing  less  is 
required  than  to  show  isomorphism  between  potential  movements 
and  the  syntax  of  their  symbolic  representations. 

On  the  other  hand  it  is  clear  that  such  a  system  of 
notation  would  be  of  considerable  value  not  only  as  a  nucleus 
for  a  future  theory  of  the  neurophysiology,  biomechanics  and 
biology  of  organic  movement,  but  also  by  its  immediate  appli¬ 
cability  to  the  construction  of  anthropomorphic  automata 
which  are  to  perform  in  environments  inaccessible  or  hostile 
to  a  human  operator,  and  with  which  communication  is  maintained 
via  channels  of  capacities  orders  of  magnitude  below  those 
needed  for  continuous  surveillance  and  without  the  benefits 
inherent  in  the  redundancies  of  symbolic  discourse. 

At  the  time  of  the  initiation  of  this  project  it  was 
established  that  the  alphabet  earlier  developed  by  Eshkol  and 
Wachmann  is  indeed  sufficient  to  satisfy  the  condition  of 
completeness,  however,  the  difficult  task  of  showing  consistency 
was  not  yet  approached.  Moreover,  the  formalism  so  far  devel¬ 
oped  left  on  the  syntactic  level  much  to  be  desired. 

To  overcome  these  difficulties,  the  approach  chosen  in 
this  study  was  to  transcribe  Eshkol-Wachmann  notation  into 
a  computer  program  which  would  allow  the  machine  to  execute 
the  movements  by  computing  its  trajectories,  and  deliver  these 
either  in  numeric  or  graphic  form.  From  this  exercise  the 
following  results  were  anticipated: 

1.  A  check  of  consistency  of  the  underlying  notation. 
Inconsistencies  would  immediately  result  in  rejects 
of  the  program. 


2.  On  the  command  side  (input),  the  syntax  of  the 
programming  language  would  provide  the  bridge  be¬ 
tween  a  command  given  in  (somewhat  restricted) 
natural  language  and  in  Eshkol-Wachmann  notation. 

3.  On  the  execution  side  (output)  it  would  provide  a 
complete  system  of  kinematic  descriptions  of  move¬ 
ment,  providing  an  invaluable  formal  skeleton  for 
the  study  of  dynamic  and  purposeful  behavior. 

The  following  report  is  a  brief  summary  of  the  work  per¬ 
formed  under  the  auspices  of  this  Grant,  and  it  is  believed 
that  the  desired  results  have  been  achieved*  The  notation 
has  been  found  to  be  consistent;  any  command  can  be  executed 
by  the  machine;  and  the  initial  steps  of  a  mathematical  founda 
tion  for  a  dynamic  study  have  been  made  by  extending  the  kine¬ 
matic  algorithm  developed  in  this  study.  It  is  felt  that  the 
most  excruciating  and  exhausting  phases  of  any  such  attempt 
have  been  overcome  and  that  the  results  presented  herein  will 
serve  as  a  convenient  basis  for  further  rigorous  quantitative 
and  qualitative  studies  of  man  *  s  dynamic  potential,, 

The  participants  in  this  program  acknowledge  with 
gratitude  the  perpetual  cooperation  of  the  Departments  of 
Electrical  Engineering  and  of  Computer  Science,  and  particu¬ 
larly  of  the  Department  of  Physical  Education  for  Women, 
whose  head,  Dr.  Alyse  T.  Cheska  was  an  untiring  source  of 
encouragement  and  help. 
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THE  PRINCIPLES  OF  MOVEMENT  NOTATION 


The  progress  of  human  thought  and  activity  in  various 
fields  in  science  and  in  art  without  the  development  of  appro¬ 
priate  notations  is  unimaginable.  As  in  other  spheres,  move¬ 
ment  of  the  human  body  requires  a  concise  and  simple  system 
of  symbols  which  will  make  possible  composition  and  descrip¬ 
tion  of  events  in  this  field;  such  a  system  should  constitute 
a  tool  of  communication  by  means  of  which  three  aims  are 
attainable : 

1)  The  recording  of  movement. 

2)  The  possibility  of  analysis  of,  and  composition  in, 
the  material  (movement) . 

3)  The  creation  of  common  concepts  among  the  workers 

in  the  field  under  discussion,  making  possible  clari¬ 
fication  and  definition,  tuition  and  criticism. 

By  trying  to  imagine  the  development  of  the  world  of  music 
without  a  musical  notation,  we  may  obtain  an  idea  of  what 
the  notation  could  contribute  to  the  world  of  movement  in  all 
its  various  branches. 

In  order  that  the  notation  system  may  be  efficient  and 
valid,  and  capable  of  developing  the  treatment  of  the  world 
of  movement  without  arriving  at  internal  contradictions,  it 
must  be  founded  on  a  basic  analysis  (without  a  priori  con¬ 
ventions)  of  all  the  components  of  the  movement  of  human  body 
that  can  be  perceived. 
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If  the  notation  is  to  constitute  a  symbolic  system  pre¬ 
senting  the  components  of  the  material  and  the  relations  be¬ 
tween  them  in  the  most  exact  manner,  it  must  be  so  constructed 
that  the  manipulations  possible  within  it  do  not  fall  short 
of  the  manipulations  possible  in  the  material  itself.  In 
other  words,  the  test  of  the  notation  lies  in  its  making  pos¬ 
sible  the  expression  (in  principle,  and  without  going  into 
detail)  of  the  maximum  of  movement  possibilites  of  the  human 
body.  Only  then  does  there  exist  the  probability  that  every 
movement  open  to  perception  will  be  expressible  in  the 
notation . 

The  more  fundamental  the  component,  the  more  simple  and 
efficient  must  be  its  expression  in  the  notation.  When  en¬ 
tering  upon  greater  detail,  and  aspects  of  secondary  impor¬ 
tance,  greater  freedom  in  the  introduction  of  conventions 
becomes  permissible. 

In  the  movement  notation,  the  following  aspects  are 
given  symbolic  expression: 

1)  The  human  body. 

2)  The  movements  of  the  parts  of  the  body. 

3)  Movement  space  (system  of  reference  -  sense  of 
movement  -  observer) . 

4)  Quantitative  data  (amount  of  movement,  duration). 

5)  Conventions. 

1)  The  Human  Body.  For  the  purposes  of  the  notation  we  re¬ 


gard  the  human  body  as  a  system  of  straight  "rods"  (limbs) 
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connected  to  one  another  by  joints.  Movement  of  the  whole 
body  is  therefore  the  sum  of  the  movements  of  the  separate 
limbs,  just  as  a  particular  state  of  rest  of  the  whole  body 
is  the  aggregate  of  the  positions  of  the  separate  limbs. 

2)  The  Movement  of  the  Parts  of  the  Body.  In  analysing  the 
movement  of  the  body,  we  shall  begin  with  the  analysis  of 
the  movement  of  a  single  limb.  Each  limb  mov  s  about  the 
joint  to  which  it  is  connected.  In  this  movement  (assuming 
that  the  limb  possesses  complete  freedom  of  movement  about 
the  joint)  three  elements  are  discernible: 

a)  The  centre  of  movement  (the  joint) . 

b)  The  axis  of  the  limb. 

c)  The  axis  of  movement. 

If  the  joint  is  considered  as  a  centre  of  movement  fixed  in 
space,  then  clearly  every  movement  of  the  limb  about  it  is  in 
fact  "spherical”  (takes  place  within  a  sphere) . 

In  the  whole  of  "spherical”  movement,  three  "types"  may¬ 
be  distinguished  (different  groups  of  relations  between  the 
axis  of  the  limb  and  the  axis  of  movement) : 

Rotatory  movement,  in  which  the  limb  moves  about  its 
own  axis  without  changing  its  place  in  space.  The  axis 
of  the  limb  and  the  axis  of  movement  coincide.  (The 
extremity  of  the  limb  remains  fixed  at  one  point  on  the 
surface  of  the  sphere.) 

Plane  movement,  in  which  the  limb  moves  in  a  plane.  The 


axis  of  the  limb  is  at  right  angles  to  the  axis  of 
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movement,  (The  extremity  of  the  limb  describes  the 
"great  circle"  on  the  surface  of  a  sphere.) 

Conical  movement,  in  which  the  limb  moves  in  a  cone.  The 
axis  of  the  limb  is  at  an  acute  angle  to  the  axis  of 
movement.  (The  extremity  of  the  limb  moves  in  a  circle 
which  is  smaller  than  the  "great  circle".) 

3)  Movement  Space.  For  the  description  both  of  positions 
and  of  movements,  a  system  of  spatial  reference  is  required 
to  which  can  be  related  the  place  of  the  limb,  its  change  of 
place  (movement)  and  the  sense  (direction)  of  movement.  Since 
the  system  of  movement  of  the  body  is  a  system  of  spheres, 
i.e.,  rods  moving  about  joints,  the  system  of  reference  chosen 
is  a  system  of  spherical  coordinates  to  which  is  related  in 
parallel  fashion  the  "movement  sphere"  of  each  separate  limb. 

The  relation  to  this  system  of  reference,  positions  may 
be  established  and  indicated  by  giving  to  each  limb  the  sym¬ 
bols  for  the  spatial  coordinates  appropriate  to  its  position. 
However,  movement  may  be  described  in  three  ways: 

1)  By  expressing  the  movement  as  a  transition  from  one 
defined  position  to  another  defined  position  (indi¬ 
cating  the  character  of  the  path,  sense,  amount  of 
movement,  and  duration) . 

2)  By  establishing  the  positions  of  the  axis  of  the 
limb  and  the  axis  of  movement  (plus  sense,  amount 
and  duration) . 

By  reducing  the  path  of  the  movement  to  two  pro¬ 
jections:  the  projection  on  the  horizontal  plane, 


3) 
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and  the  projection  on  a  vertical  plane.  The  simul¬ 
taneous  description  of  these  two  projections  defines 
the  path  of  the  movement  (plus  sense,  amount  and 
duration) . 

Every  movement  of  a  limb  in  a  particular  path  can  be 
executed  in  one  of  two  contrary  directions:  "clockwise"  or 
"anti-clockwise"  (positive  or  negative) .  It  is  essential  to 
establish  which  is  to  be  the  "positive"  and  which  the  "nega¬ 
tive"  sense  in  the  different  types  of  movement. 

4)  Quantitative  Data.  Having  defined  type  and  path  of  move¬ 
ment,  and  sense,  two  further  quantitative  data  are  still  re¬ 
quired  for  the  full  writing  of  movement:  "amount  of  movement" 
and  "duration  of  movement". 

It  is  necessary  to  indicate  the  size  of  the  sector  of 
movement  performed  by  the  limb  in  the  given  path.  Since  we 
are  concerned  with  circular  paths,  the  movement  sector  can 
be  measured  as  a  fraction  or  as  a  multiple  of  a  circle. 

The  duration  of  each  movement  must  be  indicated  on  the 
manuscript  page.  It  is  expressed  as  a  multiple  of  a  time 
unit, the  value  of  which  is  established  for  each  particular 
piece  of  notated  work,  taking  into  consideration  the  structure 
of  its  time  pattern. 

5}  Conventional  Signs.  In  addition  to  the  basic  factors  of 
movement,  there  are  certain  physical  phenomena  without  the 
description  of  which  movement  cannot  be  accurately  expressed. 
In  such  cases,  and  in  cases  where  a  movement  recurs  with 
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great  frequency,  it  is  possible  and  desirable,  for  reasons 
,  of  simplicity,  to  employ  special  symbols  and  abbreviations. 

A  list  of  these  signs  and  abbreviations  is  given  on  pages 
46-49 . 

I.  THE  BODY  AND  THE  MANUSCRIPT  PAGE 

Figure  2  shows  the  division  of  the  body  into  independently 
moving  parts.  To  each  of  these  limbs  a  space  is  allocated 
on  the  manuscript  page  (Figure  1) .  For  certain  styles  of 
movement,  the  body  may  be  understood  as  comprised  of  more 
moving  limbs  than  are  provided  for  here  (by  the  addition  of 
fingers,  for  example).  In  such  cases,  the  required  number  of 
spaces  is  added  to  the  manuscript  page.  On  the  other  nand, 
in  the  case  of  movement  confined  to  a  smaller  number  of  limbs 
the  page  need  include  only  the  spaces'  necessary,  as  is  done 
in  a  musical  score. 

Figure  2  shows  the  division  of  the  manuscript  page: 
each  of  the  upper  18  horizontal  spaces  is  allocated  to  a 
different  limb.  The  bottom  space  is  allocated  to  the  notation 
of  the  "front"  (see  illustrations  on  page  21).  The  second 
space  from  the  bottom  is  allocated  to  the  notation  of  the 
weight  and  changes  of  weight  (see  illustrations  on  page  42) . 

The  division  of  the  page  into  equal  vertical  columns 
serves  for  the  notation  of  the  duration  of  the  movements, 
each  column  representing  a  time  unit  whose  absolute  value 
is  given  at  the  beginning  of  the  work  (like  the  metronome 
indication  in  music).  For  example:  TU  =  78. 
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II.  THE  SYSTEM  OF  REFERENCE 

When  a  limb  moves  about  a  "fixed"  joint,  the  "surface" 
or  "paths"  produced  by  its  movement  are  confined  within  an 
imaginary  sphere.  The  extremity  of  the  limb  moves  on  the 
surface  of  the  sphere.  (See  Figure  3.) 

A  system  of  reference  appropriate  to  the  analysis  of 
positions  or  movements  of  a  limb  moving  "within  a  sphere", 
is  a  spherical  system.  The  definition  and  measurement  of 
positions  and  movements  within  such  a  system  are  made  possible 
by  the  spatial  division  of  the  sphere  by  means  of  two  comple¬ 
mentary  systems  (see  Figure  4), 

a)  the  network  of  the  coordinates  on  the  surface  of 
the  sphere  (see  Figure  5) ,  and 

b)  the  dispersion  of  the  "positions",  i.e.,  the  lines 
connecting  the  centre  of  the  sphere  and  the  points 
of  the  network  of  coordinates  (see  Figure  6) . 

The  network  of  coordinates  dividing  the  surface  of  the 
sphere  is  constructed  (like  the  geographical  globe)  from  an 
intersecting  net  of  "lines  of  longitude"  (vertical  circles) 
and  "lines  of  latitude"  (horizontal  circles) ,  the  inter¬ 
sections  of  which  are  the  points  of  the  coordinate  network. 

The  axis  connecting  the  upper  and  lower  poles  always  remains 
in  the  vertical  position,  and  is  called  "the  vertical  axis 
of  the  system  of  reference".  The  "equatorial  plane"  always 
remains  in  the  horizontal  position,  and  is  called  "the 
horizontal  plane  of  the  system  of  reference". 
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By  the  term  unit  of  measure  of  the  system  of  reference 
we  refer  to  the  distance  between  two  adjacent  points  of  the 
network  or  between  two  corresponding  positions  (see  Figure  7)  ? 
an  angular  unit  (arc  or  sector) ,  measured  in  degrees  of  a 
circle.  In  this  section  we  deal  with  a  division  in  which  the 
lines  of  longitude  and  of  latitude  are  both  divided  by  the 
same  unit,  so  that  the  angular  distance  between  any  two 

adjacent  points  of  the  network  is  equal  in  the  vertical  and 

the  horizontal  directions.  The  unit  of  measure  may ,however, 
be  of  different  size,  according  to  need.  Figures  8,  9,  and 
10  show  a  schematic  skeleton  of  the  system  of  reference,  with 
a  different  unit  of  measure  ir.  each  case.  In  Figure  8  the 
unit  of  measure  is  90°,  in  Figure  9,  45°  and  in  Figure  10, 

30°  . 

The  number  of  lines  of  longitude  and  latitude  will  change 

correspondingly  to  the  size  of  the  unit  of  measure,  and  also, 

as  a  direct  result  of  this,  the  number  of  positions.  The 
size  of  the  unit  of  measure  determines  the  quantitative  scale 
of  the  system  of  reference,  and  at  the  beginning  of  each 
manuscript,  the  equivalent  is  given  (in  degrees)  of  one  unit 
of  measure  in  the  chosen  scale.  Every  line  of  longitude  is 
indicated  by  a  number.  If  we  establish  one  of  the  directions 
on  the  horizontal  plane  as  "horizontal  zero",  then  the  number 
expressing  any  given  line  of  longitude  will  indicate  by  how 
many  units  of  measure  it  deviated,  horizontally,  from 
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Every  position  of  the  coordinate  network  may  be  expressed 
by  two  numbers.  One  number  indicates  on  which  line  of  long¬ 
itude  it  is  located  (the  "horizontal  component").  The  other 
number  indicates  its  place  on  the  said  line  of  longitude  (its 
latitude) ;  that  is--by  how  much  the  said  point  deviates  ver¬ 
tically  from  the  lower  pole  (point  0) . 

For  the  expression  of  a  network-point  or  position,  two 

numbers  are  necessary,  placed  one  above  the  other  and  enclosed 

3 

m  brackets,  for  example,  •  T^G  l°WGr  nuIrit>Gr  represents 
the  horizontal  component,  and  the  upper  the  vertical  component. 

In  Figure  11  a  number  of  movement  sectors  are  enclosed 
within  the  system  of  reference,  1)  a  horizontal  plane  move¬ 
ment  sector  between  positions  A  and  B,  2)  a  vertical  plane 
movement  sector  between  positions  E  and  F,  3)  an  intermediate 
plane  movement  between  positic is  C  and  D,  and  4)  a  conical 
movement  between  positions  G  and  H.  (An  exact  definition  and 
explanation  of  the  above  types  of  movement  is  given  later.) 

III.  THE  INDIVIDUAL  SYSTEMS 
AND  THE  GENERAL  SYSTEM  OF  REFERENCE 

The  construction  of  the  system  of  reference  has  so  far 
been  related  to  a  single  limb.  Movement  of  the  whole  body 
is  the  aggregate  of  the  movements  of  the  various  limbs.  The 
analysis  of  movement  of  the  whole  body  is  thus  the  analysis 
of  the  movement  of  each  separate  limb  in  relation  to  its  own 
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“individual"  spherical  system  of  reference,  the  centre  of 
which  coincides  with  the  joint  about  which  that  limb  moves. 
Since  the  individual  systems  of  reference  are  in  parallel 
relation  to  each  other,  instead  of  speaking  of  a  cluster  of 
parallel  spherical  systems,  we  may  speak  of  a  single  imaginary 
spherical  system:  the  System  of  Reference.  Figure  12  de¬ 
monstrates  this  parallelism.  In  Figure  13  the  individual 
system  of  reference  attached  to  a  particular  limb  (in  this 
case,  the  forearm)  is  carried  with  it,  in  its  movement.  In 
Figure  14  a  section  of  horizontal  movement  of  the  arm  (with 
A'  -  B*  included  in  its  individual  sphere  and  A  -  B  the  same 
movement  reflected  in  a  second  system)  is  shown. 

IV.  ZERO  POSITION  -  FRONT 

In  the  writing  both  of  movement  and  of  positions,  we 
take  into  consideration  the  longitudinal  axis  of  the  limb. 

To  determine  the  position  of  a  particular  limb  means  deter¬ 
mining  the  place  of  its  longitudinal  axis;  and  the  analysis 
of  its  movement  means  the  analysis  of  the  movement  of  its 
axis  (see  Figure  15) .  The  position  of  the  bcdy  in  normal  up¬ 
right  posture,  with  feet  parallel,  is  referred  to  as  zero 
position.  The  figure  brings  out  the  fact  that  in  zero  position 


most  of  the  limbs  are  in  a  vertical  position.  When  a  limb 
is  in  zero  position,  this  is  indicated  by  the  sign  (0)  in 
the  appropriate  space. 
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In  zero  position  the  "forward"  surfaces  of  all  the  lin.bs 
of  the  body  face  in  the  direction  (0)  on  the  horizontal  plane, 
and  both  together  face  the  observer;  this  state  is  expressed 
by  the  sign  0  in  the  lowest  space  of  *the  page--the  space 
allocated  to  the  "front"  (see  Figure  16) . 


V.  POSITIONS 

The  position  of  the  body  at  a  particular  moment  is  the 
sum  of  the  positions  of  all  its  peirts  at  that  moment.  In 
order  to  notate  a  position  of  the  whole  body,  these  simul¬ 
taneous  states  must  be  expressed.  One  example  of  such  nota¬ 
tion  was  that  of  "zero  position",  which  was  first  defined, 
and  then  given  a  conventional  sign.  In  all  other  cases,  how¬ 
ever,  it  is  necessary  to  define  the  position  of  each  limb  in 
space.  In  analysing  and  writing  the  position  of  a  limb,  we 
relate  it  to  that  position  in  the  system  of  reference  which 
is  parallel  to  the  axis  of  the  limb.  In  Figure  17,  the  dia¬ 
gram  is  given  again  here,  to  show  the  positions  and  their 
symbols,  as  defined  in  a  system  of  reference  with  the  scale 
of  45°.  Figure  18  shows  the  definition  of  positions  of  the 
forearm.  Each  position  is  defined  by  two  numbers  in  brackets; 
the  lower  indicates  the  horizontal  coordinate,  and  the  upper, 
the  vertical  coordinate.  The  position  of  the  whole  body  is 
represented  in  a  vertical  column,  the  position  of  each  limb 
being  written  in  the  appropriate  space  in  Figure  19. 
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VI.  THE  NOTATION  OF  MOVEMENT:  THE  TYPES  OF  MOVEMENT 

One  type  of  movement  is  rotatory  movement  with  angle  of 
movement  zero.  (The  term  "angle  of  movement"  is  given  to 
the  angle  obtaining  between  the  axis  of  the  limb  and  the  axis 
of  movement  through  the  movement.)  The  axis  of  the  limb 
and  the  axis  of  movement  coincide  as  shown  in  Figure  20. 
Rotatory  movement  in  various  limbs  is  apparent  in  Figure  21. 

A  second  type  cf  movement  is  conical  movement,  with 
angle  of  movement  less  than  90°.  The  axis  of  the  moving  limb 
produces  a  conical  envelope,  or  part  of  such  an  envelope 
(see  Figure  22) .  Shown  in  Figure  23  are  conical  envelopes 
produced  by  the  movements  of  the  arm  and  of  the  leg.  The 
two  cones  produced  by  the  arms  have  different  angles  of 
movement. 

A  third  movement  is  plane  movement  which  has  an  angle 
of  movement  of  90°.  In  Figure  24  the  movement  of  the  axis 
of  the  limb  produces  a  plane;  and  in  Figure  25,  plane  move¬ 
ment  in  the  arm  and  the  leg  is  pictured. 


VII.  THE  NOTATION  OF  MOVEMENT: 

SPATIAL  DEFINITION  AND  SENSE  OF  MOVEMENT 

7 . 1  Rotatory  Movement. 

In  rotatory  movement  the  sense  ( "di rection ")  of  movement 
is  determined  in  relation  to  zero  position  (Figure  26)  .  In 
zero  position  almost  all  the  limbs  are  in  a  vertical  position, 
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Figure  21. 
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Figure  22. 


Figure  23. 
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figure  25. 
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and  rotatory  movement  in  that  position  is  performed  about 
the  vertical  axis;  any  rotation  in  a  clockwise  direction ,  as 
seen  from  above,  is  in  the  positive  sense;  rotation  in  the 
anti-clockwise  direction  is  in  the  negative  sense.  These 
senses  of  rotatory  movement  remain  "attached"  to  the  limbs, 
even  when  the  latter  change  their  location  in  space  (Figure 
27)  .  The  arrows  in  the  figure  show  the  direction  of  rotatory 
movement  in  the  positive  sense.  The  sign  for  positive  rotatory 
movement  is  .  The  sign  for  negative  rotatory  movement 
is  . 

(Note:  The  "rotatory  state"  of  the  limb  is  indicated 

by  allotting  to  the  four  sides  of  the  limb  (left,  right,  front, 
and  back)  the  appropriate  numbers,  derived  from  a  system  of 
reference  of  scale  1  =  45°.  These  numbers  remain  attached  to 
the  sides  of  the  limb,  like  "labels".  (Note  that,  even  in 
bilaterally  symmetrical  limbs,  this  labelling  is  not  bilat¬ 
eral.)  It  is  then  possible  to  indicate  at  any  moment  which 
side  of  the  limb  faces  upward,  excepting  in  positions  (^) 

4 

and  (q) ,  in  which  cases  the  side  facing  direction  (0)  is 
indicated. ] 

7 . 2  Conical  Movement. 

The  size  and  location  of  a  cone  produced  by  a  moving 
limb  are  defined  with  the  aid  of  the  positions  of  the  ends  of 
the  diameter  of  the  base  of  the  cone.  As  the  position  of  the 
limb  at  the  beginning  of  the  movement  may  be  taken  as  one  of 
the  ends  of  the  diameter,  only  the  position  of  the  other  end 
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need  be  indicated.  (See  Figure  28.)  In  conical  movement 
the  sense  of  movement  a  s  determined  by  looking  from  the  apex 
of  the  cone  towards  the  base:  the  movement  then  seen  as 
clockwise  is  positive,  and  that  seen  as  anti-clockwise  is 
negative.  In  Figure  28,  the  movements  in  the  left-hand  and 
upper  cones,  in  the  direction  indicated  by  the  arrows,  are  in 
negative  sense;  that  in  the  right-hand  cone,  in  the  direction 
of  the  arrows,  is  positive.  The  sign  for  positive  conical 
movement  is  A  .  The  sign  for  negative  conical  movement 
is  V  . 

7 . 3  Horizontal  Plane  Movement. 

Horizontal  plane  movement  is  movement  in  which  the  limb 
is  in  a  position  parallel  to  the  ground  at  the  beginning  of 
the  movement  and  moves  on  the  horizontal  plane.  (See  Figures 
27-30.)  The  sense  of  movement  in  horizontal  plane  movement 
is  established  by  looking  down  on  the  plane  from  above: 

Positive  movement  -  clockwise:  -*■ 

Negative  movement  -  anticlockwise: 

In  Figure  30,  the  horizontal  plane  movement  from  A  to  B  is 
positive  and  from  B  to  A  negative. 

7 . 4  Vertical  Plane  Movement. 

Vertical  plane  movement  is  movement  in  which  the  axis 
of  the  limb  moves  in  a  vertical  plane.  (See  Figure  31.)  A 
limb  may  move  in  a  vertical  plane  movement  from  any  position 
in  the  system  of  reference.  In  such  movement,  the  positive 
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sense  is  the  direction  upward  from  (^) ,  in  the  given  plane. 
The  opposite  direction  in  the  same  plane  is  the  negative 
sense . 

To  notate  vertical  plane  movement,  it  is  necessary  to 
indicate : 

a)  in  which  plane  the  limb  moves 

b)  the  sense  of  movement  in  that  plane. 

Positive  vertical  plane  movement  is  written  t.  Negative 
vertical  plane  movement  is  written  y. 

In  Figure  32  the  movement  from  A  to  B  in  plane  (2)  ,  and 
from  A*  to  B1  in  plane  (7)  is  in  the  positive  sense:  (2)t, 

(7)  t.  The  movement  from  B  to  A  in  plane  (2),  and  from  B' 
to  A'  in  plane  (7)  is  in  negative  sense. 

7 . 5  Intermediate  Plane  Movement. 

Intermediate  plane  movement  is  movement  in  a  plane 
tilted  towards  the  horizontal  plane.  A  limb  can  move  in  in¬ 
termediate  plane  movement  from  any  position  excepting  the 
vertically  upward  or  downward  positions  (from  which  the  only 
plane  movement  that  can  be  performed  is  vertical  plane 
movement.)  (See  Figure  33.) 

Since  intermediate  plane  movement  is  composed  of  two 
components--hori zontal  shift  and  vertical  shift — four  combin¬ 
ations  of  sense  are  therefore  possible: 

1)  Positive  horizontal  component  +  positive  vertical 
component;  in  the  figure,  from  E  to  F.  Symbol:  S* 
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2)  Positive  horizontal  component  +  negative  vertical 
component;  in  the  figure,  from  A  to  B,  Symbol:  \ 

3)  Negative  horizontal  component  +  positive  vertical 
component;  in  the  figure,  from  B  to  A.  Symbol:*\ 

4)  Negative  horizontal  component  4-  negative  vertical 
component;  in  the  figure,  from  F  to  E.  Symbol:^ 

N.B.  In  the  present  book,  the  following  convention  is  used 

3 

in  writing  intermediate  planes:  the  symbol  (,J  for  example, 
indicates  movement  in  an  intermediate  plane  in  the  positive 
sense  from  a  given  starting  position,  to  the  position  written 
above  the  flighted  arrow.  The  movement  may  be  continued  in 
the  same  plane  according  to  an  amount  of  movement  appended: 
e.g.  ,  (^)  8. 

t— > 

VIII.  THE  NOTATION  OF  MOVEMENT:  AMOUNT  OF  MOVEMENT 

All  the  types  of  movement  enumerated,  being  circular, 
are  movements  which  may  complete  circles  of  360°.  Any  movement 
performed,  then,  completes  ei ther  a  whole  circle,  or  part  of 
a  circle,  or  a  number  of  circles.  The  amount  of  movement  thus 
expresses  the  size  of  the  path  (movement  sector)  which  the 
limb  in  fact  performs.  In  rotatory  movement  the  amount  of 
movement  is  that  part  of  a  complete  rotation  or  the  number  of 
rotations  performed  by  the  limb.  In  plane  movement  the 
amount  of  movement  is  the  size  of  the  circular  plane  sector 
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of  the  movement  of  the  limb.  In  cjonical  movement  the  amount 
of  movement  is  that  part  of  the  conical  envelope  produced  by 
the  movement;  or  in  other  words  the  size  of  the  arc  passed 
through  u }  the  extremity  of  the  limb  in  its  movement  at  the 
base  of  the  cone. 

The  units  of  measurement  of  movement  are  the  same  units 
used  in  the  construction  of  the  coordinative  network  of  the 
system  of  reference,  since  we  assume  that  movements  are 
performed  between  the  points  of  the  network.  In  rotatory 
movement  the  amount  of  movement  is  indicated  by  a  numeral 
expressing  the  number  of  units  of  measure,  attached  to  the 
movement  sign.  For  example,  a  rotatory  movement  with  the 
amount  of  two  units  (a  movement  of  90°  when  the  basic  unit  is 
45°)  is  written  ^  In  horizontal  and  vertical  plane  movement 
the  amount  is  indicated  by  attaching  the  numeral  to  the  arrow: 
on  the  right  in  vertical  plane  movement  and  above  in  horizontal 
plane  movement:  ^2  | 2  2 ^  ^2 .  In  intermediate  plane  move¬ 

ment  the  notation  of  the  movement  is  divided  between  two 
numbers:  one,  written  beneath  the  movement  sign,  expresses 

the  amount  of  horizontal  projection  (shift)  of  the  movement. 

The  other,  written  above  the  movement  sign,  expresses  the 
amount  of  the  vertical  projection  (shift)  of  the  movement. 

For  example:  In  conical  movement  the  amount  of  movement 

is  added  at  the  right  side  of  the  movement  symbol.  For  example 
^^2 .  Figure  34  provides  an  example  of  movement  sectors  in  full 
notation  -  the  path  and  its  reverse. 
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Figure  34. 
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IX.  SIMULTANEOUS  MOVEMENT 

In  Figures  35-36,  in  every  movement  performed  by  the  body 
(other  than  the  extreme  outer  limbs) ,  two  kinds  of  limbs  take 
part:  the  actively  moving  limb  (the  "  heavy11  limb)  ,  and  all 

those  limbs  carried  by  it  (the  "  light"  limbs)  . 

The  light  limbs,  carried  by  the  heavy  limb,  change  their 
location  in  space  as  the  result  of  the  movement  of  the  heavy 
limb.  (See  Figure  35,  in  which  the  torso  is  "heavy"  and  all 
the  upper  parts  of  the  body  are  "light".)  In  this  case,  only 
the  movement  of  the  light  limbs  is  written.  However,  inde¬ 
pendent  movement  of  the  light  limbs  is  possible  while  they  are 
being  carried  by  the  heavy  limb,  and  the  change  of  location 
of  each  of  them  in  space  is  then  a  result  of  the  simultaneous 
movement  of  the  heavy  limb  plus  the  movement  of  the  light 
limb  (see  Figure  36) .  In  this  case  the  movement  of  each  limb 
is  written  in  its  space. 

Situations  are  possible,  in  which  we  are  concerned  to 
retain  a  given  position  in  the  light  limb  relative  to  the 
system  of  reference,  while  it  is  carried  passively  by  the 
heavy  limb.  In  these  situations,  the  symbol  f  is  attached  to 
the  notated  position  of  the  light  limb.  When  the  sign  f  is 
attached  to  a  movement  sign,  this  signifies  that  the  path  of 
the  movement  of  the  light  limb  is  not  modified  by  the  move¬ 
ment  of  the  heavy  limb. 
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X.  THE  WEIGHT 

Shift  of  weight  is  indicated  in  the  second  space  from 
the  bottom  of  the  page.  Although  physically  speaking  shift 
of  weight  is  always  present  when  the  body  is  in  movement,  in 
the  notation  it  is  written  only  when  it  is  visually  predomi¬ 
nant,  or  when  it  offers  the  most  concise  way  of  indicating 
an  action,  such  as  walking,  jumping,  etc. 

Equal  distribution  of  the  weight  of  the  body  is  indicated 
by  the  symbol  •  .  Wher  the  weight  is  shifted,  the  projection 

of  the  longitudinal  axis  of  the  body  on  the  horizontal  plane 
coincides  with  one  of  the  horizontal  coordinates.  This  co¬ 
ordinate  is  identified  u;  ual,  by  counting  in  the  positive 
sense  according  to  the  ;cale  in  use.  For  instance,  a  shift 
of  weight  forward  from  zero  position  is  written  as  0  in  the 
space  reserved  for  shift  of  weight.  (See  Figure  37.) 

In  notating  a  series  of  steps  in  the  same  direction, 
the  following  convention  is  adopted:  the  steps  are  indicated 
by  the  compound  symbol 

l 

abbreviated  from  the  symbols  used  in  writing  in  full  the 
movements  of  flexion  and  extension  in  walking.  Together  with 
this,  a  number  in  the  weight  space  shows  the  horizontal 
direction  in  which  the  weight  is  shifted  throughout  the 
movement  sequence. 

A  number  accompanied  by  the  sign  M  (maximum)  represents 
a  shift  of  weight  such  as  occurs  in  falling.  (This  falling 
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Figure  37. 
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movement  is  of  course  controlled  in  dance,  by  means  of  the 
action  which  follows  it.) 

The  phenomenon  of  the  jump,  in  which  all  contact  with 

the  ground  i-  abandoned,  is  written  in  the  weight  space, 

using  the  symbol  (=)  ,  derived  from  the  symbol  for  absence  of 

contact  =  .  A  jump  in  a  given  direction  is  shown  by  a  number 

2 

indicating  the  appropriate  horizontal  coordinate,  e.g.,  (=) . 


XI.  CONTACT 

The  sign  for  contact  is  -*-  ,  with  its  derivatives.  Con¬ 
tact  for  a  part  of  the  body  with  the  ground  is  shown  by  the 
sign  f  in  the  appropriate  space.  Thus,  in  standing  positions 
the  sign  appears  in  the  spaces  allotted  to  the  feet. 

Contact  between  parts  of  the  body  is  shown  by  one  of 
the  other  three  forms  \*  +  •)  written  in  the  spaces  of  both 
the  limbs  involved.  A  number  shows  which  side  of  each  limb 
is  in  contact.  For  example,  contact  between  the  palms  of 
the  hands  would  be  written: 

Left  hand  21- 
Right  hand  6  j- 

Contact  of  the  extreme  end  of  a  limb  (such  as  finger  tips,  or 
the  "points"  in  Classical  Ballet)  is  written  r  or  -|  •  .  Re¬ 

lease  of  contact  is  written  =  .  When  the  foot  is  in  contact 
with  the  ground,  but  does  not  bear  weight,  this  is  indicated 
by  the  sign  =F  . 
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"Loose11  contact,  written  L,  is  contact  in  which  a  limb 
or  limbs  are  in  contact  with  another  surface,  but  move  upon 
it.  For  instance,  in  rotation  of  the  whole  body  with  a  foot 
as  base,  the  sign  L  appears  in  the  space  for  that  foot.  To 
indicate  holding,  the  sign  used  is  \->  .  Figure  38  illustrates 
some  examples  of  contact  with  the  ground. 


XII,  FRONT 

In  the  lowest  space  on  the  manuscript  page,  four  types 
of  symbols  may  appear:  numbers  without  brackets,  numbers 
with  brackets,  the  symbols  for  rotation  (such  as  'T ,  etc.), 

and  the  symbol  for  rotation  about  the  lateral  axis--" vertical 
rotation " :  . 

In  zero  position  the  body  is  placed  so  that  the  horizontal 
direction  0  of  the  system  of  reference  coincides  with  the 
direction  forward  from  the  body,  and  towards  the  observer. 

If,  for  purposes  of  analysis,  it  is  required  to  reorientate 
the  system  of  reference  relative  to  this  absolute  zero  position, 
the  new  front--the  direction  in  which  the  0  of  the  system 
faces — is  indicated  by  a  number  without  brackets. 

From  this  point  in  the  score,  all  movements  would  be 
written  in  relation  to  the  new  direction. 

A  number  enclosed  in  brackets  indicates  the  front  of  the 
body  in  relation  to  the  0  direction  of  the  system  of  reference. 
Thus,  with  the  system  of  reference  orientated  towards  the 
observer,  a  position  in  which  the  body  is  in  profile  facing 
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Pelvis 
R.  Foot 
L.  Foot 


Tor*°  11  4- 1 


R,  Lower  Leg 
Foot 
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Figure  3B 
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the  observer's  left,  would  be  indicated  by  (2)  in  the  "front" 
space , 

When  a  rotation  of  the  whole  body  occurs,  this  continuous 
change  of  front  is  written  as  a  rotation  in  the  "front"  space, 
and  the  "loose  contact"  sign  L  is  given  to  the  part  of  the 
body  which  serves  as  base. 

Rotatory  movement  is  by  definition  movement  about  the 
longitudinal  axis  of  the  limb,  but  there  are  certain  complex 
actions  (such  as  forward  and  backward  rolls,  somersaults, 
etc.),  in  which  the  body  as  a  whole  rotates  about  its  lateral 
axis.  This  is  represented  by  the  symbol^  (positive)  and 

(negative) ,  a  composite  derived  from  the  signs  of  vertical 
plane  movement  and  rotatory  Movement. 


XIII.  CONVENTIONS 


13.1  Abbreviations . 

(2f)  -  a  device  serving  as  a  "key"  signature,  given 
before  the  movement  sequence  It  indicates  that  all  vertical 
plane  movements  with  ?.o  bracketted  number  preceding  the  arrow 
are  to  oe  performed  in  the  plane  indicated  hero.  In  the 
example  given,  this  is  plane  (2). 


fixation  may  also  precede  a  sequence,  attached 


to  a  limb  or  limbs  which  are  to  remain  in  a  constant  relation 
to  the  system  of  reference  despite  movements  of  heavier  limbs. 
For  instance,  the  example  shown,  would  indicate  that  by  con¬ 
tinuous  adjustment  the  limb  is  maintained  upright  through¬ 
out  the  sequence. 


the  magnitude  of  the 


iignifies  slightly  more  than 

Ip-  vir. 

the  amount  expressed  by  the  number. 


+  appended  to  a  number  sic 

the  amount  expressed  by 

'  t*r  -V'  ';r  v 

These  last  two  are  particularly  useful  in  the  notation  of 

positions . 

13,3  Parts  of  the  Body  -  Special  Cases. 

The  sign  jr  in  the  lower  leg,  appearing  without  indication 
of  plane,  expresses  flexion  of  the  lower  leg  towards  the 
^  upper.  The  sign  t  expresses  extension.  The  principle  un¬ 

derlying  this  convention  is  taken  from  the  fact  that  from 


>  ■  ■**>. 

<r---  v‘7.r\i 


zero  position,  these  would  be  the  appropriate  directions 
for  the  arrow  in  writing  these  movements  in  plane  (0) . 


■M-i- 


By  application  of  the  same  principle  to  the  foot,  t 

!Y:>r'.'\7f.  r;  •  £v'  y  -tV  -  :***T?x  V„.  1  ;2r-  ~V.  *  JV-..  V 


'  The  sign  f  appearihg  on  the  line  separating  the  upper 

lh:  "  '  ‘  ^  ‘  ‘  ‘  ' 

-  and  lower 


leg  spaces,  without  indication  of  plane,  indicates 


indicates  extension  of 


>rr= — ■ — ;f  ■-  ^  m.-- -■ . «  ,t — 

- — — — . — — i.,  ..■.if  . _ _ _ 
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the  knee.  These  signs  are  derived  from  the  full  notation 
of  the  same  movements  in  zero  position. 

The  symbol^>^ indicates  "contraction"^  The  two  extre¬ 
mities  of  the  long  axis  of  the  torso--or  of  a  part  of  the 
torso — approach  one  another  in  the  same  plane  and  with  equal 
amounts  of  movement  in  opposite  senses.  The  upper  part  moves 
in  negative  senses  the  lower  oart  in  positive  sense.  The 
amount  is  written  following  the  sign.  For  example,  (2)Xm 
indicates  a  contraction  in  plane  (2) ,  with  maximal  amount  of 
movement,  resulting  in  a  concave  curve  to  that  side  of  the 
body.  (The  form  of  the  symbol  is  based  on  the  arrow-heads 
of  plane  movement  signs,  positive  and  negative.) 

13.4  Auxilliary  Signs. 

When  a  movement  or  position  in  one  plane  involves  the 
crossing  of  the  legs  or  the  arms,  an  asterisk  *  is  written 
in  the  space  of  the  limb  which  is  to  be  in  front  of  the 
other.  The  symbol  ^  indicates  that  an  over-all  rounded 
shape  is  given  to  the  position  of  several  adjacent  limbs 
(such  as  upper  arm,  forearm,  hand)  by  slight  flexion  of  all 
its  joints.  The  symbol  J  indicates  that  several  adjacent 
limbs  are  in  a  straight  line.  These  two  symbols  are  primi¬ 
tive  alternatives  for  the  sign^;  in  most  cases  it  is  prefer¬ 
able  to  use  the  latter. 

Whenever  necessary,  the  space  allocated  to  each  limb 
has  been  identified  in  the  notation  score,  using  the 
following  abbreviations: 
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F 

right 

sh . 

shoulder 

L 

left 

hd. 

head 

fg. 

fingers 

n. 

neck 

1 

thumb 

tso . 

torso 

2 

index 

plv. 

pelvis 

3 

middle 

u.  Ig . 

upper  leg 

4 

ring 

1.  lg. 

Icw^r  leg 

5 

little 

ft. 

foot 

h  • 

hand 

wt. 

weight 

f  .a. 

forearm 

fr. 

front 

u.  a • 

upper  arm 

PART  B 


MACHINE  REPRESENTATIONS  OF  MOVEMENTS 


(Michl  and  Melvin) 
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MACHINE  REPRESENTATIONS  OF  MOVEMENTS 

The  Eshkol-Wachmann  (E-W)  notation  described  is  a  posi¬ 
tion  orientated  notation  in  that  the  trajectory  of  the  body 
can  be  computed  exactly,  and  not  a  goal  orientated  notation 
as  would  be  a  notation  which  would  specify  that  a  certain 
event  take  place  without  indicating  an  exact  manner  of  ac¬ 
complishing  it.  As  an  example  consider  the  differences  be¬ 
tween  the  order  "starting  with  your  arm  vertically  down  make 
a  vertical  circle  with  your  left  hand,  with  your  shoulders 
on  the  axis  of  the  circle"  and  the  order,  "sit  down  on  this 
chair".  Absolute  control  over  every  movement  is  necessary 
for  the  first  command  to  be  obeyed,  while  in  the  second  case, 
any  manner  of  sitting  down  will  be  satisfactory  as  long  as 
the  goal  is  accomplished.  Miss  Eshkol  is  presently  ’working 
on  goal  orientated  features  for  the  E-W  notation,  but  as  of 
now  the  only  way  to  command  a  move  to  a  prescribed  position 
by  E-W  notation  is  to  describe  a  string  of  commands  which 
lead  to  it,  and  the  only  way  to  predict  the  results  of  a 
string  of  commands  is  by  simulating  movement  on  a  model  or 
by  educated  guessing. 

For  these  reasons  it  seemed  desirable  to  devise  a  simu¬ 
lator  to  study  the  potential  of  existing  E-W  commands.  Use 
of  human  objects  or  mechanical  models  has  several  drawbacks, 
the  most  notable  being  the  difficulty  of  recording  observed 
data.  Hand  sketching  projections  of  simple  movements  were 
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made  by  Mr.  Wachmann,  and  proved  very  satisfactory  although 
too  time  consuming  because  of  the  computations  involved. 

It  was  decided  to  write  a  computer  program  named  DANCER 
which  would  speed  the  process  up.  TJse  of  the  computer  pro¬ 
vides  accurate  results,  the  possibility  of  processing  large 
amounts  of  data  in  relatively  little  time,  and  direct  graphi¬ 
cal  output  through  the  use  of  a  plotter  attached  to  a. main 
computer.  An  added  advantage  is  insight  gained  into  the 
logic  of  the  notation  by  translating  it  into  the  purely  ab¬ 
stract  mathematical  form  of  a  computer  program.  Some  of 
the  knowledge  acquired  during  the  writing  of  DANCER  was  ap¬ 
plied  to  the  writing  of  a  second  computer  program  called 
STKMAN* ,  which  uses  different  mathematical  coordinates  and 
provides  the  possibility  of  goal-like  commands.  Both  com¬ 
puter  programs  will  be  described  after  brief  disucssions  on 
the  physiology  of  movement  and  mathematical  abstraction  of 
the  body. 


I.  PHYSIOLOGY  OF  MOVEMENT 

Movement  of  the  human  body  is,  like  all  biological 
phenomena,  the  result  of  complex  processes  structured  in 
such  a  manner  as  to  allow  maximum  efficiency  and  integration 
of  functions  in  view  of  a  given  goal.  In  watching  a  human 
body  move  an  observer  will  only  perceive  the  external 


*Computer  abbreviation  of  STICKMAN. 
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manifestations  of  movement  and  will,  most  of  the  time,  re¬ 
main  totally  unconcerned  with  the  neural  and  muscular  phen¬ 
omena  involved.  Yet  all  movement  does  originate  at  the 
neural  level  and  is  only  translated  into  visible  phenomena 
after  action  by  the  muscles. 

These  simple  facts  suggest  a  hierarchical  organization 
for  the  study  of  movement: 

1)  Volition  of  movement  (neural  level) 

2)  Execution  of  movement  (muscular  level) 

3)  Effect  of  movement  (externally  perceived 
movement) 

The  first  level  is  that  of  the  neurologist’s  or  psycholo¬ 
gist's.  We  will  only  retain  a  few  observations  made  by 
neurologists  concerning  the  functioning  of  the  brain,  mainly 
that  nervous  activity  is  in  the  form  of  electric-like  wave¬ 
forms  and  that  the  cerebellum  acts  as  a  filter  and  coordinator 
of  movement  commands.  We  will  examine  some  of  the  conse¬ 
quences  of  this  a  bit  later. 

The  second  level  is  of  somewhat  more  concern  to  us.  The 
joints  of  the  human  body  do  not  allow  absolutely  free  move¬ 
ments— it  is  impossible,  for  instance,  to  throw  one's  leg 
backwards  as  far  as  forward,  and  the  muscular  arrangement 
of  the  body  reflects  these  dispositions.  Although  we  later 
offer  a  simplified  model  of  the  human  body  which  gives  all 
joints  maximum  freedom  of  movement  we  do  so  only  while  keeping 
in  mind  that  a  great  many  constraints  do  exist.  Some  ways 
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of  adding  constraints  to  the  programs  and  notations  are 
indicated  in  Section  V. 

Level  3  will  be  our  most  immediate  area  of  concern:  the 
configuration  of  the  human  body  in  space.  We  can  define  a 
movement  notation  as  states  of  the  human  body  combined  with 
transitions  between  states.  In  the  E-W  notation,  movements 
and  positions  of  each  limb  are  given  by  the  locus  of  points 
traced  by  one  end  of  the  limb  on  its  inscribed  sphere.  In 
the  STKMAN  system,  positions  and  changes  are  given  in  terms 
of  angles  between  connecting  limbs.  In  both  cases,  the  type 
of  commands  depends  upon  the  mathematical  system  used  to 
represent  the  body. 

II.  MATHEMATICAL  ABSTRACTION  OF  THE  HUMAN  BODY 

Since  the  human  body  is  only  capable  of  a  finite  number 
of  positions,  assuming  that  two  positions  must  be  discernible 
to  the  eye  to  quality  as  different,  we  will  in  fact  be  deal¬ 
ing  with  the  study  of  the  human  body  as  a  finite  state 
automaton.  We  are  unconcerned  with  the  biological  phenome¬ 
na  which  permit  the  execution  of  transitions  between  states, 
but  rather  we  wish  to  examine  the  external  states  adopted 
by  the  body  during  transitions.  In  using  this  approach,  a 
first  problem  is  how  to  sufficiently  abstract  the  human 
body  so  that  it  may  be  represented  as  a  reasonably  simple 
system  and  be  conveniently  handled  in  mathematical  terms. 
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A  first  observation  is  that  most  large  bones  are  long 
and  cylindrical,  and  can  be  approximated  by  a  long,  thin  rods. 
Since  the  amount  of  soft  tissues  is  approximately  proportional 
to  the  size  of  the  bones  supporting  them,  parts  of  the  body 
may  be  reasonably  approximated  by  homogeneous  rods.  Notable 
exceptions  such  as  the  head,  hands,  feet, pelvis  or  torso  can 
also  be  worked  into  this  scheme  by  approximating  them  as 
thick  cylinders  and  taking  their  main  axis  as  rods,  and 
furthermore  in  the  case  of  the  pelvis  and  torso,  by  adding 
additional  points  of  contact  with  other  parts  on  the  surface 
of  the  cylinder  itself  making  an  assemblage  of  three  rods 
(see  Figure  1) . 


1  Orsc 


Pelvis 


Figure  1.  Approximations  to  torso  and  pelvis. 
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A  very  acceptable  representation  of  the  whole  body  is  then 
an  assemblage  of  stack  like  rods  (see  Figure  2),  This  re¬ 
presentation  is  the  basis  of  the  STKMAN  notation  and  is  also 
used  by  the  E-W  notational  scheme  where  limbs  are  often 
approximated  by  rods.  We  will  henceforth  call  any  of  these 
rods  "limbs" . 


Figure  2.  Stick  approximation  to  the  boay. 

Study  of  such  a  system  can  be  of  a  dynamic  or  kinematic 
nature.  In  the  first  case,  the  rods  are  assumed  to  have 
mass  and  all  forces  acting  upon  the  system  as  well  as  mus¬ 
cular  velocities  must  be  known  or  computed  to  obtain  the 
proper  trajectories  of  the  limbs.  In  a  kinematic  study  the 
limbs  are  assumed  to  have  no  weight.  Thus  the  only  compu¬ 
tations  necessary  are  those  which  determine  the  position  of 
the  system. 

Such  a  simplification  is  possible  if  we  disallow  harsh 
or  jerky  motions  and  hard  contact  of  the  system  with  immobile 
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objects,  since  important  dynamic  forces  come  into  play  in 
such  circumstances .  We  are,  in  fact,  specifying  that  only 
smooth  and  relatively  slow  movements  be  allowed. 

That  most  movements  of  the  body  are  in  fact  relatively 
smooth  is  due  to  the  cerebellum  and  the  dynamics  of  the 
body. 

The  nervous  system  smooths  and  coordinates  neural  com¬ 
mands  by  action  of  the  cerebellum*  Damage  to  this  organ 
will  result  in  incapacitating  a  patient  by  rendering 
smooth  movements  impossible  and  hindering  coordination.  An 
example  of  the  amount  of  smoothing  involved  is  provided  in 
the  articles  by  Denier  van  der  Gon  and  Thuring  (1965)  and 
Denier  van  der  Gon,  et  a_l.  (1962)  concerning  the  design  of 
a  handwriting  simulator,  where  it  is  shown  that  even  such 
an  apparently  staggered  event  as  a  signature  can  be  simu¬ 
lated  by  a  machine  fed  with  a  fairly  uncomplicated  and 
smooth  signal.  This  indicates  that  smooth  motions  demand 
very  smooth  neural  signals  and  that  a  great  deal  of  neural 
coordination  is  built  into  any  movement. 

A-jsvoixg  that  commands  for  jerky  motions  are  eliminated, 
command  for  c*  smooth  movement  may  still  result  in  jerky 
motion  if  the  acceleration  of  the  moving  limbs  is  too  large. 

p 

A  basic  law  of  physics  states  that  a  =  —  where  a  is  accel- 
eration,  F  force  applied  to  the  object  and  m  the  mass  of 
the  object.  Since  both  F  and  m  have  a  limited  range  of 
values  for  a  given  limb  and  its  muscles,  a  will  have  a 
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limited  range  unless  the  limb  is  acted  upon  by  outside  forces, 
and  moving  additional  attached  limbs  will  de  screase  a  even 
more,  a  will  then  be  limited  if  the  desired  motion  is  not 
too  harsh. 

In  the  case  of  a  large  m,  the  influence  of  gravity  be¬ 
comes  of  some  concern.  Gravity's  effect  is  minimized  by  the 
fact  that  the  larger  and  hence  heavier  parts  of  the  body  -are 
closer  to  the  body’s  center  of  gravity  than  lighter  parts. 
Light  parts  do  not  then  usually  move  heavier  ones.  There 
are  notable  exceptions  to  this  rule,  such  as  in  walking,  and 
we  may  cover  these  exceptions  by  assuming  that  the  body  is 
not  coming  into  contact  with  immobile  objects.  Walking, 
then,  can  simply  be  construed  as  being  the  raising  and  lower¬ 
ing  of  the  feet  by  the  body. 

Given  a  kinematic  system  of  connected  sticks  we 
have  a  basic  structure  with  which  to  simulate  movement  of  the 
body.  Computer  simulation  of  such  a  system  will  be  based 
on  storing  sufficient  information  to  completely  define  the 
system  at  given  intervals  of  time.  The  E-W  and  STKMAN 
simulators  store  positions  of  limbs  in  a  large  array,  each 
set  of  positions  corresponding  to  the  state  of  the  system 
at  a  given  time.  This  information  can  then  be  graphed  to 
provide  either  these  states  at  these  timesteps  or  the  tra¬ 
jectory  of  each  limb,  which  can  be  printed  or  plotted  ac¬ 
cordingly.  (See  Figure  3.)  The  two  metnods  are  combined 
in  DAI3CER  to  provide  maximum  information  on  the  plots. 


Figure  3. 


T  =  1 


The  Stole  of  the  System  at  Specified  Times. 


2 


The  Space  Curves  of  Two  Limbs  Executing 
the  Some  Movements  os  Above. 
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A  system  of  n  limbs  will  require  at  least  3(n+l)  numbers 
to  be  defined,  We  need  to  know  the  position  of  one  point  o:: 
the  system,  and  this  point  will  act  as  a  reference  point  for 
the  system.  Given  this  first  point,  we  can  construct  a 
first  limb  originating  from  it  by  defining  another  point  in 
space,  or  by  defining  the  length  and  direction  of  the  limb. 

In  each  case  three  numbers  are  needed  since  defining  a  di¬ 
rection  in  space  requires  two  numbers.  One  can  then  define 
new  limbs  which  originate  from  either  point  given  once  again 
a  new  triplet  of  numbers.  (See  Figure  4.)  Accordingly  the 
arrays  used  to  store  information  in  DANCER  and  STKMAN  are 
both  dimensioned  3  by  (n+1)  where  n  is  the  number  of  limbs 
in  the  system. 

The  main  task  of  both  programs  consists  of  keeping  track 
of  the  positions  of  the  limbs  and  joints  as  commands  are 
simulated. 


III.  THE  E-W  PROGRAM:  DANCER 

Two  important  aspects  of  the  E-W  notation  are  that  the 
spheres  in  which  limbs  are  inscribed  are  of  fixed  diameter 
and  that  the  spheres  have  their  south  pole  facing  down  verti¬ 
cally  at  all  times.  Given  a  fixed,  or  reference,  point  in 
the  system,  the  position  of  other  points  can  easily  be  com¬ 
puted  given  the  E-W  position  of  the  limbs,  their  length  and 
the  unit  angle  used.  Given  2  angles,  a  and  b,  and  a  length,!, 
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A  LIMB  CAN  BE  DEFINED  USING: 


Two  Points  A  and  B 


One  Point  0,  Two  Angles  CL ,  /3 
and  a  Length  l> 


Any  additional  limb  attached  to  a  given  extremity 
of  a  single  limb  or  node  of  a  system,  will  require 
either  an  additional  point,  or  two  angles  and  a 
length  to  be  defined. 


Figure  4. 
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which  determine  a  limb  centered  in  0,  to  determine  E  in 
rectangular  coordinates,  with  u  the  unit  angle  in  radians: 

E  =  1  cos (bu-j) sin (-au)  +  Ox 

E  =  1  cos(bu-y) cos(-au)  +  Oy 

E  z  =  1  sin(bu--j)  +  Oz 

(See  Figure  5.)  If  another  limb  is  added  to  OE ,  the  same 
computation  is  repeated,  replacing  Ox,  Oy,  Oz  by  E^,  E^, 
E^,  and  a,  b  and  1  by  their  new  values  for  the  new  limbs. 


Throughout  these  examples,  we  will  hold  the  unit  angle  fixed 
at  45°,  although  full  provision  is  made  in  the  program  for 
any  divisor  of  360°.  We  will  call  the  origin  of  the  system 
the  fixed  reference  point  and  the  origin  of  a  limb  the 
closest  extremity  to  the  absolute  origin  along  the  broken 
line  consisting  of  interconnected  limbs. 
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A  limb's  origin  is  a  pivot  point  for  the  limb  and  is 
the  center  of  the  enclosing  sphere.  We  number  limbs  in  se¬ 
quence,  beginning  with  the  limb  attached  to  the  absolute 
origin,  and  call  a  low  numbered  limb  a  heavier  limb  than  a 
higher  numbered  one.  We  restrict  ourselves  to  systems  of 
interconnected  limbs  with  no  more  than  2  limbs  stemming  from 
any  function  of  limbs.  This  does  not  permit  representation 
of  the  whole  body,  which  is  treated  in  STKMAN ,  but  the  sy¬ 
stem  could  have  been  expanded  in  order  to  do  so.  However, 
the  main  puroose  of  the  E-W  simulator  s  to  study  results  of 
simultaneous  E -W  commands  on  interconnected  limbs* 

Commands  used  are  input  to  the  computer  indicating ..  for 
each  limb  the  beginning  position,  the  type  of  movement,  the 
total  amount  of  movement  in  degrees  and  at  what  timestep  this 
movement  ends.  Each  limb  may  execute  different  movements 
sequentially.  The  types  of  movement  allowed,  with  their 
coded  number  representations,  are: 

0  =  no  movement 

1  =  planar  movement 

2  =  conical  moveir.rnt 

3  =  rotatory  movement 

4  =  planar  movement  with  rotation 

5  =  conical  movement  with  rotation 

As  defined  in  E-W  notation,  to  indicate  the  locus  of 
the  movement  in  case  of  planar  or  conical  commands,  an  aux¬ 
iliary  point  is  to  be  given  and  treated  in  the  following 


manner : 


1)  If  the  movement  is  a  planar  one,  the  auxiliary  point 
is  any  point  on  the  circle,  other  than  the  starting 
point  or  the  other  end  of  a  diameter  through  the 
starting  point.  A  center  and  two  distinct  points 
on  the  circumference  fully  define  a  circle  (Figure  6). 


2)  If  the  movement  is  a  conical  one,  the  auxiliary  point 
is  taken  to  determine  the  diameter  of  a  circle  inter¬ 
secting  the  axis  of  the  cone  perpendicularly,  riven 
the  apex  and  this  diameter,  the  cone  is  uniquely 
determined  (Figure  7) . 

Starting  point 


Figure  7.  Conical  movement. 
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Timesteps  were  determined  by  a  rule  of  thumb  which 
indicated  that  a  rotation  of  5°  per  timestep  provided  smooth 
curves  when  space  curves  were  plotted.  Since  different  limbs 
were  given  different  velocities/  it  was  decided  to  input  this 
factor  with  the  data  instead  of  having  it  as  a  fixed  or 
machine  computed  constant. 

When  reading  in  the  data,  the  program  creates  a  list  of 
type  and  amount  of  movement  for  each  limb  at  each  timestep. 
The  amount  of  movement  is  simply  the  total  amount  of  the 
specific  movement  divided  by  the  number  of  timesteps  that 
type  is  to  occur. 

Actual  computation  of  new  positions  is  by  use  of  a 
rotational  matrix  which  rotates  the  moving  limb/  its  inter¬ 
nee  ary  point  and  all  limbs  lighter  than  the  one  in  motion. 

The  computation  depends  on  determination  of  the  axis 
of  rotation.  For  planar  movement/  this  is  the  perpendicular 
to  the  plane  of  the  circle  at  the  center.  For  conical  move¬ 
ment,  it  is  the  axis  of  the  cone.  The  system  is  translated 
until  the  pivot  point  of  the  moving  limb  is  at  the  origin. 

The  whole  system  is  then  rotated  about  the  z  axis  and  x  axis 
until  the  axis  of  rotation  coincides  with  the  Oz  axis.  The 
system  is  then  rotated  in  the  proper  amount  about  the  Oz 
axis  and  is  rotated  and  translated  back  to  its  original  po¬ 
sition  by  reversing  the  previous  steps.  The  matrix  used  for 
rotation  is  (Goldstein,  1950)  : 
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cos’|>  cos <j> 

-  cos0  sine J>  sinty 


cosif  sin<}> 

+  cos0  cost})  sin^ 


sin^  sinG 


A=|  -sin^  cost}) 

-  cos 0  sin<j>  cos^ 


-sint]>  sin<{) 

+  cosG  cost})  COSl}) 


cost^  sinG 


sin0  sine 


-sin0  cose 


COS0 


The  angles  <j) ,  and  0  are  defined  on  Figure  8. 

This  matrix  is  the  product  of  three  matrices  B,  C  and 
D  defined  in  the  following  manner  (Goldstein,  1950). 
Rotation  about  Oz: 


C  = 


sine] 

cost} 

0 


1 

0 

0 

0 

COS0 

sin0 

0 

-sinO 

COS0 

6  : 

cos 

sinty 

0  1 

-sinty 

cos^ 

0 

0 

0 

i  / 

(Using  the  notation  of  Figure  8.)  Applying  D  ^  then 
rotates  the  system  back  into  its  original  position. 

For  any  given  timestep,  if  the  system  contains  n  limbs 
limb  1  is  moved  first  and  with  it  the  entire  system,  then 
limb  2  and  the  entire  system  less  limb  1,  etc.,  until  limb 


Axis  of  Rotation  8 

/ 
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1)  The  Limbs  are  Translated  Until 
Origin  of  Moving  Limb  is  ot  Origin 
of  Coordinate  System. 


2)  The  System  is  Rototed  About  0  Z 
Until  OX'  is  Perpendiculor  to  8.  The 
Amount  of  Rototion  is  <£ 


Any  Rototion  About  OZ1  Will  Now  be 
Equivolent  to  o  Rototion  About  8. 
This  Rototion  is  \f/. 


3)  This  System  is  Rototed  About  OX* 
Unt  I  OZ  Coincides  with  8.  The 
Amount  of  Rotation  is  9. 


Figure  8.  Rotation  about  a  given  axis. 
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the  lightest  limb,  which  carries  no  other  limbs, is  moved. 

The  program  then  executes  commands  for  the  following  time- 
step  until  all  times teps  for  all  limbs  have  been  exhausted. 

Input  is  permissible  in  E-W  coordinates  or  rectangular 
coordinates.  In  the  event  E-W  coordinates  are  used,  the 
unit  angle  has  a  default  value  of  45°  unless  otherwise 
specified,  and  a  subroutine,  named  TRANSL,  translates  the 
input  into  rectangular  coordinate  values.  Results  come  out 
as  a  printed  table  of  positions  for  given  times  in  rectangular 
and  spherical  coordinates.  Note  that  spherical  coordinate 
angles  are  not  taken  in  the  same  direction  as  E-W  coordinates: 
viewed  from  the  top,  the  horizontal  angle  sweeps  counter¬ 
clockwise,  while  in  E-W  it  sweeps  clockwise.  Similarily, 
zero  degrees  is  vertical  down  in  E-W,  vertically  up  in  spheri¬ 
cal  for  the  vertical  angle.  Results  are  also  obtained  as 
plots  of  the  space  curves  created  by  the  joints  of  the  limbs. 
Supplementary  lines  are  drawn  connecting  points  representing 
simultaneous  times  on  different  trajectories.  The  number  of 
these  is  variable,  and  several  features  help  enhance  the  plot. 
As  an  example  of  possible  representations  of  the  same  move¬ 
ment,  Figures  9  through  12c  show  results  obtained  from  a 
typical  2  limb  case.  All  plots  are  projections  onto  three 
imaginary  perpendicular  planes,  two  vertical  and  one  horizon¬ 
tal.  The  two  limbs  are  executing  cones.  The  corresponding 


E-W  command  is 
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1  =  45° 


The  first  limb  is  executing  a  cone  of  8  x  45  =  360°, 
the  second  limb  a  cone  of  4  x  45  =  180° ,  starting  from  po~ 


and  going  through  points 


si tions 


In  Figures  10a, b,c,  the  circular  parts  represent  the 
trajectories  of  the  limbs  extremities.  The  numbers  indicate 
the  position  of  the  limb  such  that  every  fifth  timestep  is 
indicated  and  the  states  of  the  limbs  are  indicated  at 
every  timestep.  The  numbers  still  refer  to  every  fifth  time- 
step  and  the  axes  have  been  deleted.  The  axes  are  not  needed 
if  one  wants  positions  in  terms  of  angles. 

In  Figures  12a, b,c,  only  the  outermost  trajectory  is 
joined  to  the  center  point.  This  is  to  allow  an  easier 
identification  of  the  trajectory's  shape. 

All  figures  are  automatically  scaled  and  the  axes  numbers 
adjusted  accordingly,  when  jhe  axes  are  used. 

Printed  output  indicates  the  options  used  and  movements 
specified  on  the  title  page.  It  then  provides, for  each 
limb,  the  position  and  direction  of  each  limb  of  each  time- 
step.  The  extremity  of  each  limb  is  given  by  a  triplet,  the 
origin  of  the  limb  being  either  the  system's  origin  in  the 
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Figure  10a.  Normal  line  density  with  axis  (X-Y  projection) . 
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Figure  10b.  Normal  line  density  with  axis  (X-Z  projection). 
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Figure  10c. 
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Figure  11a.  Maximum  line  density  (X-Y  projection) . 
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Figure  lib.  Maximum  line  density  (X-Z  projection) . 


80 


Figure  11c,  Maximum  line  density  (Y-Z  projection). 
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Figure  12a 


Maximum  line  density  and  outermost  trajectories 
joined  to  center  (X-Y  projection) . 
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Figure  12b,  Maximum  line  density  and  outermost  trajectories 
joined  to  center  (X-Z  projection) . 
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Figure  12c.  Maximum  line  density  and  outermost  trajectories 
joined  to  center  (Y-Z  projection) . 
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case  of  the  first  limb,  or  the  extremity  of  the  previous 
limb  in  the  case  of  other  limbs.  The  direction  is  given  in 
spherical  coordinates,  as  indicated  earlier.  A  flowchart 
and  listing  of  DANCER  are  included  in  the  appendix. 

A  routine  checking  for  intersection  of  limbs  was  in¬ 
cluded  in  an  earlier  version  of  DANCER.  This  feature  was 
found  to  be  of  little  value  and  very  time  consuming  and  was 
consequently  removed  in  later  versions. 

IV.  A  MODEL  OF  THE  HUMAN  BODY:  STKMAN 

The  first  step  in  constructing  a  model  of  the  human  body 
is  to  decide  on  how  the  body  is  to  be  described.  It  was 
decided  to  use  a  system  of  rigid  limbs  as  in  the  E-W  no¬ 
tation  (see  Figure  2).  When  constructing  a  coordinate  sy¬ 
stem  to  describe  such  a  model, with  so  many  parts,  it  is 
essential  to  adopt  a  mathematical  notation  which  is  both 
flexible  and  easily  manipulated.  The  first  problem  in  such 
a  construction  is  to  adopt  an  ordering  of  the  limbs  which 
was  done  as  in  Figure  13.  The  body  is  considered  as  being 
made  up  of  five  limb  sequences  of  four  limbs  each.  The 
pelvis  and  lower  back  are  considered  as  being  made  up  of 
three  limbs  to  preserve  symmetry.  Next  a  right-handed 
rectangular  coordinate  system  is  corsidc red  to  be  rigidly 
embedded  in  each  limb  with  the  z-axis  along  the  long  axis 
of  the  limb  (see  Figure  13).  As  drawn  in  Figure  13,  the 
(private)  coordinate  systems  are  embedded  in  the  limbs  so 


r 
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Figure  13.  Private  imbedded  coordinate  system. 
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that  the  coordinate  axes  are  as  in  the  zero  position  of  the 
E-W  notation.  Since  each  limb  is  considered  as  a  mathema¬ 
tically  rigid  body  and  are  connected  as  in  Figure  2,  a 
mathematical  description  of  the  configuration  of  the  body 
consists  of  three  parts: 

1)  the  position  of  one  point  in  the  body, 

2)  the  length  of  each  limb,  and 

3)  the  orientation  of  each  limb. 

It  was  decided  to  use  the  position  of  the  pelvis,  the  first 
limb  in  the  first  sequence,  as  fundamental,  i.e.,  its  posi¬ 
tion  in  an  external  coordinate  system  is  assumed  to  be  given. 
The  lengths  of  the  limbs  are  contained  in  the  5x4  array 
L  (m=l,...,5,  n=l,...,4)  where  L  is  the  length  of  the 
nth  limb  in  the  mth  sequence  of  limbs. 

The  description  of  the  orientation  of  a  rigid  body  re¬ 
quires  three  angles.  Of  course,  the  angles  may  be  referred 
to  any  rectangular  coordinate  system.  The  E-W  notation 
usually  uses  an  external  coordinate  system.  However  such  a 
coordinate  system  has  the  disadvantage  that  whenever  a  heavy 
limb  is  moved  and  all  of  the  lighter  limbs  do  not  change 
their  relative  orientation,  all  of  the  angles  describing  the 
lighter  limbs  change.  For  this  reason,  in  STKMAN  a  system 
of  angles  was  adopted  which  gives  the  orientation  of  the 
nth  limb  in  terms  of  the  coordinate  system  attached  to  the 
(n-l)st  limb.  The  angles  describing  the  limb  are  the  stan¬ 
dard  Eulerian  angles  (0,c)>,^)  described  in  Goldstein's  Classical 
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Mechanics  (1950)  (see  Figure  14) .  Thus  the  orientation  of 

all  the  limbs  is  given  by  the  set  oi  sixty  angles  (0^ 

6  ,  ^  )  which  is  referred  to  as  the  configuration  space. 

The  angle  between  the  z-axis  of  the  nth  limb  and  that  of  the 

(n-l)st  limb  in  the  mth  sequence  is  0  .  The  measurement  of 

^  m,n 

the  other  two  angles  requires  the  use  of  the  line  of  nodes 

which  is  the  intersection  of  the  (x  w  y  -,  )  plane  with 

m, n-l  J  m , n-1 

the  (x  ,  y  )  plane.  <$>  is  the  angle  between  the 
m ,  n  J  m ,  n  ^  m,n 

x  -i  axis  and  the  line  of  nodes  in  the  (x  ,  ,  n  ) 

m,n-l  m,n-l  ^m^n-l 

plane,  and  is  the  angle  between  the  line  of  nodes  and 

^  m ,  n 

the  x  axis  in  the  (x  ,  y  )  plane.  Varying  0w  _  rotates 
m,n  m,n'  Jm,n  ^  2  m,n 

the  nth  limb  about  the  line  of  nodes;  varying  $  rotates 
the  z  axis  of  the  nth  limb  about  the  z  axis  of  the  (n-l)st 
limb;  and  varying  n  rotates  the  nth  limb  about  its  own  z 
axis.  The  orientation  of  the  axes  of  the  nth  limb  with 


Figure  14.  Eulerian  angles. 
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respect  to  the  axis  of  the  (n-l)st  limb  is  given  by  the 


columns  of  the  matrix 


cosij  cos  4) 

-  cos0  sin4>  sinty 


cos \J/  s  i  n  $ 

+  cos0  cos(J>  sinij; 


sin0  sin\J; 


-sin^  cos<f> 

-  cos0  sin<)  cosij; 


-sinij;  sin$ 

+  cos0  cos4>  cosij; 


s  i  n  0  co  s 


-sin0  cos 


sin0  sin 


COS0 


The  first  column  gives  the  orientation  of  the  x  axis  with 

3  m ,  n 


respect  to  the  (m,n-l)  system,  the  second  column  that  of  the 


r  ^  m, n  , 

axis. Let  a.,  denote 
1 1  D 


axis  and  the  third  is  for  the  z 


V. 


m,  n 


this  orientation  matrix,  the  first  superscript  denotes  the 

limb  sequence,  m=l,...,5,  the  second  superscript  the  limb 

number,  n=l,...,4,  the  first  subscript  refers  to  the  rows  of 

the  above  matrix,  i=l,2,3,  and  the  second  subscript  the  column, 

j=l,2,3.  Thus  the  orientation  of  'the  z  axis  relative  to 

the  (m,n-l)  system  is  given  by  the  three  numbers  am,n. 

1  /  D 

In  terns  of  these  relative  angles,  the  zero  position  of 
the  E-W  notation  is  given  by  Figure  15.  The  circled  angles 
are  constrained  to  be  as  given  to  correspond  to  the  two 
degrees  of  freedom  in  some  joints.  In  addition  since  the 
pelvis  is  rigid,  the  following  constraints  are  also  imposed: 

62,1  “  90”  +  °1,1'  *2,1  ”  *1,1'  *2,1  *  *1,1 

°3,1  -  90’  *  *1,1'  *3,1  *  180°  +  *1,1'  *3,1  ’  180'  +  *!,!• 
The  description  of  the  model  becomes  complete  when  it 
is  stated  how  any  position  of  the  body  can  be  computed  given 
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Figure  15.  Zero  position. 
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the  position  of  the  pelvis  (X,  Y,  Z)  =  X^,  the  lengths  of 

the  limbs  L  and  the  configuration  space  (0  ,  <j>  ,  ) 

m,n  m,  n  m,n  m,n 

which  is  now  done.  This  is  simply  a  matter  of  vector  addi¬ 
tion.  From  the  following  example,  the  reader  should  see  how 
the  process  is  carried  out  in  general:  suppose  the  position 
of  the  tip  of  the  left  hand  is  to  be  computed.  The  position 
of  the  pelvis  is  X^ ,  the  orientation  of  the  pelvis  is  given 
by  the  matrix  a^'^T  so  the  position  of  the  top  of  the  pelvis 


2  T  1,1 
x .  -  L,  , a.  -  . 
l  1,1  l, 3 

The  orientation  of  the  chest  relative  to  the  pelvis  is  a^ ' ? , 

l.D 

so  the  orientation  of  the  chest  relative  to  the  external 

1  2 

coordinate  system  is  given  by  the  matrix  product  ' j  where 

.1,2  1,1  1,2 

A.  .  =  a.  a  . 
i,D  i ,n  n, j 

and  the  summation  convention  is  used.  Thus,  the  position 
of  the  top  of  the  chest  is 


X?  =  +  L,  ' ?  . 

l  l  1, 2  l ,  3 

Continuing  in  this  manner  the  position  of  the  left  finger 
tips  is,  (c.f.,  Figure  2), 

X.  =  L,  ,  ah  ^  +  L,  oA'l'h  +  ,A4'i  +  L.  -.A4'!? 

l  1,1  1,3  1,2  1,3  4,1  1,3  4,2  i,3 


+  L .  -A4 ' «  +  L •  .A4 '4 

4,3  1,3  4,4  i,3 


where  the  orientation  matrices  relative  to  the  exterior 
coordinate  system  are  found  as 
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A4'1  =  a1 ' 2a^ ' 1 • 
Ai,  j  Ai ,  k  k, j' 


A4'2  =  A4'1a4,2; 
i t 3  i -n  n, j 


etc. 


Thus,  a  computation  algorithm  for  finding  the  position 
of  any  point  in  the  body  is  obtained.  A  subroutine  was  written 
to  compute  and  plot  the  limbs  of  the  body  given  the  position 
of  the  pelvis,  the  length  of  the  limbs  and  the  configuration 
space.  The  program  was  then  tested  for  various  positions 
(see  plots,  pp.  163-167). 

With  the  completion  of  this  subroutine  called  P0SIT 
(for  position) ,  it  becomes  possible  to  compute  the  motions 
of  the  body  by  giving  the  position  of  the  pelvis  and  the 
configuration  space  as  functions  of  time.  This  was  done  for 
two  relatively  simple  motions,  1)  bending  over  and  swinging 
arms,  and  2)  walking.  Finding  the  angles  as  functions  of 
time  for  (1)  was  relatively  simple  and  is  not  described  here. 
The  second  motion  was  more  difficult  and  is  described  in 
detail  here. 

The  essential  property  of  a  person  walking  is  propelling 
the  body  along  at  a  constant  velocity.  For  STKMAN  this 
amounts  to  giving  the  pelvis  a  constant  velocity  and  then 
moving  the  legs  in  such  a  manner  that  it  appears  the  legs  are 
causing  movement.  The  minimum  number  of  angles  are  used  (see 
Figure  16) ,and  no  rotation  of  the  legs  is  allowed,  only 
bending,  and  the  foot  is  held  parallel  to  the  floor.  The 
reader  may  verify  that  if  bending  at  the  hip,  knee  and  ankle 
in  the  forward  direction  are  the  only  motions  used,  then  the 
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\ 


Figure  16.  Abs traction  of  a  bending  leg. 
only  angles  varied  from  zero  position  are  those  indicated 


the  figure  it  follow 

s  that 

cos $2 2  + 

l^cos (0 

23 

<f>22)  ' 

sin*22  " 

l^sin  (0 

23 

*22*  ' 

cos  (180°- 

'^32^  +13 

cos  [  0 

33- (180 

°-4> 

32)  1  / 

sin (180°- 

’^32) -13 

sin  [  0 

33- ( 180 

°-<t> 

32*  1  ’ 

the  feet 

remain 

parallel  to 

the 

floor 

=  90  ° 
24 

+  6  2  3 

^22 ' 

34  =  ^32 

+  033 

90°  . 

A  walking  routine  is  obtained  by  giving  zr(*),  xr(*),  zr(t) 
and  x^(t)  as  the  appropriate  functions  of  time. 


The  angles 
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as  functions  of  time  are  found  by  solving  the  above  equations, 
for  example. 


cos6 


23 


2  2  n2,  ,2, 

xr  +  zr  ~  1 2+ 1 3 

212i3 


tan*22  = 


xr (ln  +  l3cos603)  +  z^l ^sin 0 ^  ^ 
zr(12+13COS023)  "  xr13sin023 


A  program  was  written  to  compute  and  plot  the  position  of 
STKMAN  for  various  assumptions  about  the  time  variations 
of  xr,  z^,  x^,  zn .  (See  listing  and  plots,) 

It  was  also  attempted  to  write  a  program  to  translate 
the  E-W  notation  into  the  relative  angles  of  STKMAN  ,  but 
it  was  found  that  this  was  not  possible  without  further  con¬ 
sultation  for  two  reasons.  First,  the  E-W  notation  refers 
the  orientation  of  limbs  to  an  exterior  coordinate  system 
only  when  the  limb  is  moving,  otherwise  the  previous  orien¬ 
tation  is  maintained.  This  causes  no  difficulty  for  a  person 
reading  the  notation,  but  it  proves  to  be  rather  difficult 
to  program.  The  second  problem  was  the  way  that  the  notation 
of  a  limb  about  its  own  axis  is  treated  in  the  E-VJ  notation. 
As  we  understand  ,  the  rotational  state  of  a  limb  is  given 
by  the  azimuth  of  the  projection  of  the  normal  (the  x-axis 
of  the  limb)  to  the  limb  upon  the  (x,y) -plane.  For  certain 
orientations  this  specification  is  simply  not  unique.  For 
example/  if  z  axis  of  the  limb  is  oriented  along  the  x  axis, 
then  the  E-W  notation  cannot  specify  the  direction  of  the 
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normal  to  the  limb  which  may  lie  anywhere  in  the  (x,z)  plane. 
This  difficulty  may  be  overcome  by  specifying  the  normal  by 
two  polar  angles ,  or  by  one  Eulerian  rotation  angle. 

Further  work  on  STKMAN  l.s  possible.  In  particular  it 
would  be  interesting  tc  use  thin  model  to  obtain  plots  of 
more  complex  motions,  such  as  various  dances.  This  of  course 
would  require  much  more  work  1,0  obtain  the  angles  as  functions 
of  time.  It  would  also  be  interesting  to  do  the  inverse 
problem  of  given  a  particular  motion  of  the  body  (i.e.r  the 
position  of  various  limbs  of  (ho  body  as  functions  of  time) 
find  the  corresponding  angles.  The  problem  of  the  dynamical 
motion  of  the  body  remains  to  be  done.  The  equations  of 
motion  must  be  obt3ined  by  the  rather  difficult  problem  of 
referring  the  gyroscopic  equations  of  motion  to  an  arbitrary 
moving  coordinate  system. 


V.  CONCLUSION 

Although  both  DANCER  and  ST KM AN  are  basically  position 
oriented  notational  programs,  it  is  possible  to  input  sub¬ 
routines  to  STKMAN  which  in  fact  control  movement  as  in  the 
WALK  subroutine.  It  is  a  simple  matter  to  make  STKMAN  accept 
goal  type  commands  of  the  sort  “walk  to  such  or  such  a  place" 
by  computing  internally  in  the  program  the  length  of  the 
steps  to  take,  the  d' re; tior  to  be  taken,  etc.  It  would  be 
terribly  cumbersome,  however,  to  program  each  possible  type 
of  human  movement  in  t; is  manner.  The  program  would  soon 
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reach  an  extremely  large  size  without  any  guarantee  of  ex¬ 
hausting  possible  movements.  Optimization  is  here  a  key 
problem,  and  seems  to  be  a  logical  next  area  of  investigation. 

Other  problems  remain.  Limbs  of  a  simulator  behaving 
like  human  limbs  would  be  subject  to  dynamic  constraints, 
which,  as  pointed  out  earlier,  lead  to  difficult  equations 
of  motion.  Forbidden  regions  of  movement  caused  by  joint 
structure  could  be  determined  by  a  table  hookup  system  in 
STKMAN  (see  Prost,  1967  and  Figure  17),  but  these 
interdictions  would  not  be  reflected  in  the  notation.  A 
more  refined  notation  could  solve  both  the  dynamic  and  range 
problems,  by  specifying  syntactic  rules  forbidding  impossible 
movements  and  taking  into  account  the  physical  characteristics 
of  the  limbs  being  moved. 

The  problem  of  defining  such  a  complete  notation  reduces 
most  easily  to  that  of  determining  proper  input  to  a  finite 
state  or  context  sensitive  automaton  whi ch  would  simulate 
movements  of  the  body.  Although  STKMAN  is  such  an  automaton, 
it  is  hardly  discriminating  enough  in  the  input  it  accepts: 
it  could,  however,  be  adapted  to  accept  more  rigorous  input. 

As  an  example,  the  WALK  subroutine  can  be  approximated  by 
the  automaton  of  Figure  18.  This  automaton  will  accept  the 
alphabet 

F  -  start 

L  =  left  leg  moves  forward 
R  =  right  leg  moves  forward 
E  -  movement  stops 


/ 
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\  \ 

^  \ 


l  / 

l  / 


Figure  17.  Ranges  of  allowable  movement  in  shoulder  and  elbow. 
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It  is  easily  verified  that  the  string  SLRLRE  is  acceptable 


while  the  string  SLLE 

is  not. 

The 

grammar  generated  is  then 

1. 

S  + 

KSr  | 

lsl 

2. 

SR  " 

LS  | 

E 

3. 

SL  " 

RS  | 

E 

(1*  Starting  can  only  lead  to  moving  the  right  or 
left  leg. 

2.  After  the  right  leg  has  been  moved,  one  can  only 
move  the  left  leg  or  stop. 

3.  After  the  left  leg  has  been  moved,  one  can  only 
move  the  right  leg  or  stop. ) 
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Such  grammars  could  possibly  be  extended  to  include  more 
complex  sequences  of  movements  and  seem  most  promising  for 
establishing  a  complete  movement  notation  based  on  the  E-W 
notation. 
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APPENDIX  lb.  PROGRAM  LISTING  OF  DANCER 


CCC1  IMPLICIT  REAL*8( A-H,0-Z  ) 
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, APPENDIX  Ic.  SAMPLE  PLOTS  OF  DANCER 

Ic-1.  A  one  limb  case  where: 


The  first  limb  describes  one  fourth  of 
a  vertical  counter  clockwise  circle  for 
20  timesteps  then  describes  one-half 
of  a  cone  for  20  more  timesteps. 

In  E-W  notation: 


1  =  45° 


/ 
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Z 


Ic-1.1.  X-Z  projection 
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Ic-1.2. 


Z 


Y-Z  projection. 


X 


Ic-1.3.  X-Y  projection. 


Ic-2 


A  two  limb  case  where 


The  first  limb  describes  a  counter 
clockwise  cone  with  Q)  and  as 

diameter  extremities,  while  rotating 
on  itself  clockwise  by  360° 

The  second  limb  has  no  movement  of 
i ts  own . 


In  E-W  notation 


1  =  45° 


The  position  is  indicated  for  every  5  timesteps 
(normal  line  density) . 


130 


Ic-2.1.  X-Z  projection 
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X 


Ic-2.2.  X-Y  projection. 


9 

I 

i 


Ic-3.  A  two  limb  case  where 


The  first  limb  describes  a  counter 
clockwise  cone  with  diameter  extre¬ 
mities  and  (3),  while  rotating 

on  itself  counter  clockwise  by  360° . 

The  second  limb  has  no  movement  of 
its  own. 


In  E-W  notation 


1  =  45° 


4  & 


The  position  is  indicated  for  every  5  timesteps 
(normal  line  density) . 
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i 


Ic-3.1.  X-Z  projection. 


X 


Ic-3.2.  X-Y  projection 


Ic-4.  A  two  limb  case  where 


The  first  limb  describes  a  counter 
clockwise  horizontal  circle. 

The  second  limb  describes  three 
counter  clockwise  circles. 


In  E-W  notation 


1  =  45° 


The  position  is  indicated  for  every  2  timesteps 
(half  of  maximum  line  density) . 


X-Z  projection. 


137 


Ic-4.2.  Y-Z  projection. 
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Ic-4.3.  X-Y  projection. 


Ic-5.  A  two  limb  case  where: 


The  first  limb  describes  half  a 
counter  clockwise  circle  passing 
through  and  (2)* 


The  second  limb  describes  a  counter 
clockwise  cone  with  diameter  extre¬ 
mities  (^)  and  ^3^- 


In  E-W  notation 


1  =  45° 


(!)  ll 
(\)  £ 


The  position  is  indicated  for  every  timestep 
(maximum  line  density) . 
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Z 


X 


Ic-5.1.  X-Z  projection. 
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Z 


Ic-5.2.  Y-Z  projection 
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Ic-5.3.  X-Y  projection. 


Ic-6.  A  three  limb  case  where: 

The  first  limb  describes  a  third  of  a 
counter  clockwise  horizontal  circle. 

The  second  limb  describes  a  fourth  of 
a  circle  while  rotating  on  itself. 

The  third  limb  has  no  movement  of  its 
own . 

In  E-W  notation: 


1  =  45° 


Maximum  line  density 
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Ic-6.1. 


X-Z  projection 
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I 


Ic-6.3.  X-Y  projection 


Ic-7.  A  three  limb  case  where: 


The  first  limb  describes  half  of  a 
horizontal  counter  clockwise  circle 
while  rotating  on  itself  counter 
clockwise  by  360° 

The  second  limb  describes  a  third  of 
a  vertical  circle  while  rotating  on 
itself  clockwise  by  180°. 

The  third  limb  describe  a  quarter  of 
a  circle* 

In  E-W  notation 


1  =  45° 


Maximum  line  density 
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Z 


149 


Ic-7.2.  X-Y  projection. 


Ic-8.  A  three  limb  case  where: 


The  first  limb  describes  half  a  cone 
for  72  timesteps. 

The  second  limb  describes  one  fourth 
of  a  circle  for  36  timesteps. 

The  third  limb  describes  three  fourths 
of  a  cone  for  36  timesteps. 

I;:  E-W  notation 


1  =  45° 


A 


2 


A 


7 


Maximum  line  density 


X 


/ 


Ic-8.1. 


X-Z  projection. 
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Z 


Ic-8.2.  Y-Z  projection. 
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V 


Ic-8.3.  X-Y  projection 


APPENDIX  Ila.  SAMPLE  PROGRAM  FOR  STKMAN 


(WALK  PROGRAM) 
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